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Abstract
The Department of Biomedical Engineering at the University of Arkansas has continued to develop over
the years, with more students enrolling in the program each year. Within the first biomedical engineering
course, Introduction to Biomedical Engineering, various topics are introduced to students, and the topic of
bioinstrumentation has been one of the most complex and difficult topics for students to comprehend
through just a few lectures. In order to aid students in grasping these intricate concepts, an active learning
module was developed in which students can work in groups to build a simple thermistor circuit as a
temperature sensor. The module was implemented in drill sections of the introductory course and the
effectiveness of the active learning strategy as well as student learning styles were assessed. The module
was further tested for reproducibility and for expansion of the module to further student’s understanding
of bioinstrumentation.
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Introduction
With each year, the field of biomedical engineering continues to evolve in order to not only better the
overall well-being of individuals suffering from various illnesses and disorders, but to also develop
research methods in order to change the world of medicine as a whole [1]. The work in this field of
engineering is the perfect mesh between biology, mathematics, and physics, while incorporating
numerous topics such as tissue engineering and stem cell technology along with the methods that
accompany them [1]. Biomedical Engineering has advanced greatly over the years, with the number of
programs increasing at universities nationwide and new learning methods being developed. Once the
Biomedical Engineering Department was launched at the University of Arkansas in 2012, many
prospective engineers began to register in the program and the student enrollment continues to increase
each year.

Once a student studying at the University of Arkansas has decided to focus on biomedical engineering as
a whole, a complex line of curriculum is required in order to graduate with a degree in this department.
One of the first courses required is the Introduction to Biomedical Engineering course, which is an
introductory course used to launch new students into the fundamentals involved with biomedical
engineering. It covers a range of topics, including emerging DNA technologies, tissue engineering,
biomechanics, bioinstrumentation components, as well as many others [2]. It is typically a course for
sophomores who have taken the General Engineering courses offered their freshman year and have
chosen Biomedical Engineering as their focus. In 2018, the Biomedical Engineering faculty decided to
add active learning drill sessions to the course in order to give the students a chance to work in small
groups to perform hands-on experiments and solve problems that require higher-level thinking. With
increasing enrollment in the course over the past few years, the need for small-group learning
environment has also increased. The number of overall students enrolled into the introductory course at
the University of Arkansas began at 99 students, including juniors and seniors. In 2014, 54 sophomores
alone enrolled in the course and the number continued to increase each year. At the beginning of this past
year, there was a total of 93 students that were enrolled in the introductory course.
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Following this course, students are required to take a variety of courses that expand on the biomechanics
and bioinstrumentation components involved with biomedical engineering, which are typically more
difficult to comprehend. The primary goal of this experiment was to create an educational module that
would aid the students with the bioinstrumentation aspects of this introductory course, providing them
with a problem set as well as a hands-on activity. The bioinstrumentation portion of the course has
typically been one in which students have struggled the most among the various topics presented in the
class. The prerequisite for Introduction to Biomedical Engineering is up to Calculus I, University Physics
I, and Chemistry I, and not all students necessarily come into the class with background knowledge on
circuits or electromagnetism, since that is covered in University Physics II. Some students who are ahead
in their degree plan have already completed Physics II, and therefore there is a large disparity in the level
of confidence in this topic among the students. Since the time allocated in the course on the topic of
bioinstrumentation is limited to 2-3 lectures and a single assignment, there is not enough time for in-depth
discussion and practice on the topic, which is meant more for the next semester-long course in sequence
—Bioinstrumentation Therefore, the need for the active learning module was identified in order to help
students understand the topic and make the connection to hands-on, real-life applications. A study was
done at the University of California and it was concluded that active learning exercises, such as hands-on
activities, have been seen to aid students in undergraduate science, technology, engineering, and
mathematics courses [3]. The following activity involved building a simple circuit and using the Arduino
software to generate a complex code in order to demonstrate the importance of the instrumentation
components involved with this course. This specific circuit was modeled to act as a temperature sensor,
using a NTC-thermistor along with a variable resistor in order to read temperatures at different ranges.
The module was designed to provide the students with a comprehensive worksheet compiled with higherlevel thinking problems and step-by-step instructions on how to properly put together the circuit with the
materials given.

There are multiple physiological sensors used in physiological measurements when used during
experimentation, such as pressure sensors, photodiodes, surface electrodes, and thermistors [4]. When it
comes to thermal sensing, usually thermocouples or thermistors are typically used [4]. For the purposes of
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this educational module, the thermistor was chosen as the main component that allows the circuit to read
the surrounding temperature. A thermistor is a semi-conducting device that is commonly used by
engineers and mechanics in order to measure a certain temperature based on its variable resistance [4].
The simple set-up of the thermistor circuit allows reinforcement of the concept of Ohm’s law and the
voltage divider that is presented in the course lecture.

There are two types of thermistors: the positive temperature coefficient (PTC) thermistor or the negative
temperature coefficient (NTC) thermistor, which is the thermistor that is focused on in this experiment.
When using a PTC thermistor, resistance increases linearly as temperature increases because of its
positive temperature coefficient. NTC thermistors differ in this aspect because resistance values decrease
as temperature increases due to its negative temperature coefficient [5].. The difference between the two
thermistors are shown in the simple graph in Figure 1.

!
Figure 1: Difference between resistance measurements of PTC and NTC thermistors as temperature increases [5].

The temperature-resistance relationship of a NTC thermistor can be characterized using the Steinhart
equation and the Beta parameter. For a given set of resistor and thermistor, the corresponding coefficients
can be determined experimentally to build the model observed later in the results. The variables shown in
the equation below, R and T, represent the corresponding resistance and temperature values. A, B, and C
represent the three Steinhart coefficients.
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A thermistor functions similarly to an electrical resistor, but its resistance is sensitive to temperature,
which allows it to accurately measure temperatures of all ranges. Most thermistors are made from metal
oxides with sintered leads that are connected onto a ceramic bead [6]. This structure is what allows the
thermistor to change its resistive value in response to a certain change in temperature [6]. Temperaturerelated biomedical applications, such as a variety of skin probes and catheter probes, benefit from the use
of these devices [7]. Thermistors are ideal when building temperature sensors in biomedical assemblies,
as well as simple resistance thermometers. Most thermistors are used throughout experimentation using
calorimetry, titrations, spectrophotometers, and various other applications [8]. NTC thermistors are also
used in non-biomedical devices, including sensors within household appliances such as fire detectors,
ovens, air conditioning units, and temperature control in refrigerators [8].

Materials
The materials involved in this experiment include the Arduino Uno circuit board (Arduino), the Arduino
computer software (Arduino), and a USB cord which were all used to run the circuit and generate a
working code. Other materials needed were jumper wires and a breadboard (both from Adafruit) which
were also used to build the circuit. There were a number of thermistor and resistor combinations that were
tested, such as the Amephenol® 1 kΩ combination, the Amephenol® 2.252 kΩ combination, and the
Amephenol® 10 kΩ combination. All of the thermistors and resistors were purchased from Mouser
Electronics. A LED light was needed for the beginning exercise of the module, along with a 110 Ω
resistor and a 1 k Ω resistor in order to analyze the brightness of the light versus resistance. In order to
measure the resistance across each thermistor set, the experiment was run using the MaxQ 3000 heating
cabinet and low-temperature refrigerators in order to calculate a temperature versus resistance curve. The
resistance was measured using a standard multimeter.

Methods
Designing a Working Circuit
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Specific Aim 1: To design a working circuit involving a thermistor and a resistor that models a working
temperature sensor.

The first portion of the experiment involved assembling the circuit so that the thermistor and resistor were
in series. A standard USB cord was used to connect the circuit board to the computer and power the
Arduino Uno board. To build the circuit, jumper wires were used to ground and power the circuit. The
thermistor was first placed in two pins on the same row of the breadboard. The resistor was placed in
series with the thermistor. One end of the 10 k Ω resistor was connected to the 5V power pin at the
bottom of the Arduino board using a jumper wire. One side of the thermistor was connected to the ground
pin and then the circuit was ultimately grounded by taking a jumper wire and connecting it to the analog 0
pin on the board. A diagram of the circuit is displayed in Figure 2.

Figure 2: A representation of the circuit setup, with the resistor and thermistor in series and grounded in
the middle. Rt represents the thermistor, R0 represents the resistor, GND represents the grounding of the
circuit, Vo represents the output voltage and Vs represents the input voltage (5V) [9].
The second portion of the experiment involved generating a code to input into the Arduino software so
that the circuit could run properly. The first two lines of the code show the powering and grounding of the
circuit. The third line shows the resistance value of 10 kΩ and the rest of the code involves the Steinhart
equation along with three coefficients specific to the thermistor being used. A, B, and C in the equation
represent the Steinhart coefficients; the constants were input as c1, c2, and c3 into the code. The c1, c2,
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and c3 constants were calculated for the 10 kΩ thermistor using the Stanford Research Center’s Steinhart
calculator [10]. The written Arduino code is displayed below in Figure 3.

Figure 3: The code that was written in order to run the circuit. This code was generated using the Arduino software
[11].

Building an Educational Module
Specific Aim 2: To incorporate the temperature sensor circuit into an active learning educational module
in order to supplement and reinforce the lecture instruction on the topic of bioinstrumentation.

Once the circuit was assembled and functioning correctly, an interactive worksheet was made in order to
provide the students with a module for their scheduled drill session. The worksheet can be found in the
Appendix and includes the proper materials needed, along with guided instructions on how to put together
the circuit. As forementioned, because of the wide range of experiences that students have had with
circuits—ranging from no exposure at all to fairly experienced— detailed instructions were provided.
There was also a simple beginning exercise at the beginning of the worksheet that involved testing the
brightness of an LED using different resistors. This exercise was given in order to allow the students in
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the class to become acquainted with working with breadboards and circuits hands-on. The beginning
exercise consisted of powering an LED light with both a 110 Ω resistor and a 1 kΩ resistor and then
comparing the brightness between the two. The students were asked to make a general hypothesis using
their knowledge from the lectures before they proceeded to complete the exercise. It was ultimately
shown that brightness and resistance are negatively correlated, as brightness increases when resistance
decreases. This task was an introduction to the concept that temperature and resistance are also negatively
correlated.

Figure 4: Diagram and circuit set-up of the LED light beginning exercise.

The module was made to be done in a 50 minute drill session, and the Arduino software was available to
all students on desktop computers. After the drill session was concluded, a survey was sent out to all of
the students to get their feedback and comments on the exercise.

Testing the Accuracy of the Circuit
Specific Aim 3: To test the accuracy of the circuit to see if it works properly as a temperature sensor and
to expand the educational module to calculate coefficients for various resistor-thermistor combinations.

In order to ensure that the circuit was running efficiently, it was tested using the Thermoscientific MaxQ
4000 heating cabinet. It took approximately ten minutes to heat the equipment to change the temperature
to the desired value. This equipment is ideal for this portion of the experiment because it allows the user
to easily manipulate the temperature inside of the cabinet. The circuit was run under a number of
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temperatures within the heating cabinet, as well as being tested outside and in room temperature. Once
the resistance was taken for each thermistor at three different temperatures, a MATLAB code was created
that rearranged the Steinhart equation to solve for the three coefficients. The MATLAB code consisted of
user inputs for the different temperature and resistance values, which were then put into the code in order
to return the needed values.

Figure 5: MATLAB code used to calculate the Steinhart coefficients for each thermistor.

Results
Circuit Assembly
The complete circuit assembly, along with the Arduino board, is shown below in Figure 4.
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Figure 6: Completed circuit set-up. The thermistor and resistor are in series and that the circuit is powered by the
Arduino Uno. The components of the circuit are labeled.

Resulting Temperature Measurements
When the circuit was first made, the results were inaccurate and there was a large amount of error. After
choosing the 10 kΩ thermistor, the results were significantly more accurate and repeatable. Table 1
displays the results of the circuit tested in different temperature settings. The results show that the circuit
reads the surrounding temperature successfully, with less than 10% error on each measurement.

Table 1: The results found after running the circuit in different temperature settings using the heating cabinets. The
set temperatures were picked randomly in order to show the temperature range that the circuit can cover.

Survey Results
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Once both drill sessions had taken place, the student’s perception was assessed through an interactive
survey that was sent to the 79 students in the class. The survey asked five questions while also providing
an open response question for students to leave additional comments about the exercise. The students
were given five choices of answers: strongly disagree, disagree, neither agree nor disagree, agree, and
strongly disagree. The answers were ranked from 1-5, with 1 being the worst (strongly disagree) and 5
being the best (strongly agree). The average rank of all of the scores was also recorded for each question.
The following bar graphs resemble the number of responses recorded for each question of the survey.

Figure 7: Frequency of responses for question one of the survey. The average rating was recorded as well.
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Figure 8: Frequency of responses for question two of the survey. The average rating was recorded as well.

Figure 9: Frequency of responses for question three of the survey. The average rating was recorded as well.
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Figure 10: Frequency of responses for question four of the survey. The average rating was recorded as well.
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Figure 11: Frequency of responses for question five of the survey along with a legend with the corresponding
responses.

There was an additional open response question at the end of the survey that asked the students to leave
additional comments on their perception of the activity. Some of the comments left by the students are
displayed below:
●

“I believe that the open-ended activity was a very beneficial experiencer in that it helped me in
understanding what was required for a thermistor to work. It allowed me to think, and I believe
that I am better at these activities than just listening to traditional lectures.”

●

“I liked to initially learn the material in the form of a traditional lecture. Then, I like to practice
what I have learned in to form of an open-ended active learning activity.”

●

“Although I am used to the regular lectures, I learn significantly better with the open-ended
activities when they are presented.”

●

“Active learning activity was great way to implement what we had learned in our lectures into
practical scenarios. Not only is it a good way to learn because you get to observe things and work
with them in real, but also because they better prepare you for real life challenges that lie ahead
your career.”

Quiz Grade Analysis
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Once the bioinstrumentation portion of the course had taken place, quizzes were administered to all of the
students in the class. Drill sessions were not added into the course curriculum until Fall of 2018. The quiz
grades from Fall of 2017 and Fall of 2018 were analyzed and the average from both semesters were
recorded. The statistical analysis on the quiz grades is shown in the bar graph below. The alpha value was
set to 0.05.

Figure 12: Statistical analysis performed on the bioinstrumentation quiz grades from Fall of 2017 and Fall of 2018

Temperature vs. Resistance Results
Once the circuit began producing accurate temperature results, the resistance of each thermistor-resistor
set was measured in a variety of temperatures ranging from -16°C to 50°C. The results are displayed
below in the following three tables.
1 kΩ Thermistor
Temperature
(Celsius)

Reading 1 (Ω)

Reading 2
(Ω)

Reading 3 (Ω)

Average Reading
± SD. (Ω)

-16

4,100

4,200

4,300

4,200 ± 100

6

1,700

2,000

1,900

1866.67 ± 152.75

20

1,000

1,100

1,100

1066.67 ± 57.74

50

400

400

500

433.33 ± 57.74
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Table 2: Resistance readings, along with the average resistance reading and standard deviation, measured using the
multimeter for the 1 kΩ thermistor.

2.252 kΩ Thermistor
Temperature
(Celsius)

Reading 1 (Ω)

Reading 2 (Ω)

Reading 3 (Ω)

Average Reading
± SD (Ω)

-16

13,700

13,800

13,900

13,800 ± 100

6

4,200

4,400

4,600

4,400 ± 200

20

2,400

2,200

2,300

2,300 ± 100

50

1,100

900

1,000

1,000 ± 100

Table 3: Resistance readings, along with the average resistance reading and standard deviation, measured using the
multimeter for the 2.252 kΩ thermistor.

10 kΩ Thermistor
Temperature
(Celsius)

Reading 1 (Ω)

Reading 2 (Ω)

Reading 3 (Ω)

Average Reading ±
SD (Ω)

-16

52,500

54,500

55,100

54,033.33 ± 1361.37

6

19,100

19,600

20,000

19,566.67 ± 450.92

20

10,100

10,000

10,200

10,100 ± 100

50

4,300

4,100

4,000

4,133.33 ± 152.75

Table 4: Resistance readings, along with the average resistance reading and standard deviation, measured using the
multimeter for the 10 kΩ thermistor.
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Figure 13: Temperature vs. NTC Thermistor Resistance graph

MATLAB: Using a Code to Determine the Corresponding Steinhart Coefficients
A MATLAB code was created by rearranging the Steinhart equation and solving for the three coefficients:
A, B, and C. The Stanford Research Center’s Steinhart Calculator was used to determine the expected
value for each coefficient for each thermistor [9]. The new coefficients were then calculated and percent
error analysis was done in order to check the accuracy of the code.

Table 5: New Steinhart coefficients calculated using the MATLAB code for the 1 kΩ thermistor.
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Table 6: New Steinhart coefficients calculated using the MATLAB code for the 2.252 kΩ thermistor.

Table 7: New Steinhart coefficients calculated using the MATLAB code for the 10 kΩ thermistor.

Discussion
Circuit Setup Analysis and Temperature Results
In order for the circuit to provide accurate results, the thermistor and resistor had to be set up in series.
Although the code is complex, setting up the circuit is very feasible for students that are inexperienced
when it comes to working with breadboards. The 10 kΩ was determined as the optimal combination for
this experiment because it produced the most accurate results in comparison to the other thermistors.
When viewing the temperature results, both the circuit and corresponding code seemed to run
successfully. The circuit was run at each temperature three times and the average reading was recorded
along with the standard deviation. The standard deviation and percent error were very low, proving that
this exercise worked efficiently.

Survey Analysis
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After a thorough analysis of the survey results, it is shown that the exercise successfully aided the
students in learning. The overall ratings for each question were above average and the exercise seemed to
be beneficial in teaching bioinstrumentation to the students. For Questions 1-4, over half of the students
agreed that they wished there were more active learning activities in class and that the activities help them
grasp the concepts taught earlier in lecture. From this results, it is concluded that drill sessions are pivotal
in engineering courses because many of the concepts taught in class require active thinking. When
looking at the graph for Question 5 of the survey, responses 1 and 3 combined account for almost half of
they class, saying that these open-ended activities helped them learn and that they wish to see more in the
future. Question 6 was an open response question allowing the students to leave additional comments and
opinions on the exercise. The students were proactive in answering this question and their input can be
used to later improve the module for students in future drill sessions. Because the drill sessions are
relatively new to this course, there is a large amount of room for improvement such as more hands-on
exercises and open-ended problems and more team building exercises. After speaking with the teaching
assistants that taught the drill, they felt as if the module could have been more integrated with what the
students were doing in the class as far as teaching MATLAB goes, since there is a well=supported
Arduino package in MATLAB. However, they felt as if the concept behind the module was good, and
they enjoyed the thought of putting a circuit together, coding some functionality, and then seeing it work.
They felt as if the instructions were easy to follow, and that most of the errors were hardware related and
not user-related.

Quiz Grade Statistical Analysis
When analyzing the bar graph in Figure 12, it is noticeable that the quiz average for the Fall of 2018 class
was significantly higher. The class average for 2017 was 66% and the class average for 2018 was 85%.
After performing statistical analysis on the results with an alpha value of 0.05, the p-value was notably
small than the alpha value, representing statistical significance. Because the quiz average greatly
improved in 2018 after a drill session was added to the course, it can be concluded that the active learning
educational module benefited the students, allowing them to familiarize themselves with the
bioinstrumentation concepts taught throughout the course.
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Temperature vs. Resistance Statistical Analysis
When studying the resistance measurements in comparison to the corresponding temperatures, it is
noticed that as temperature increases, resistance decreases, and this could be modeled using the SteinhartHart Equation.. When looking at the different thermistor-resistor combinations, it is observed that the
thermistors were more sensitive at lower temperatures than higher temperatures.. The resistance values
measured using the 10 kΩ thermistor ranges between 55,000 and 4,000 Ohms when subjected to

different temperatures. This contrasts greatly with the 1 kΩ resistor, in which the values only
range between 4,500 and 400 Ohms. This difference can also be observed when viewing the line
graph in Figure 12 as the 10 kΩ thermistor has a much steeper line in comparison to the 1 kΩ
and 2.252 kΩ thermistors.

Steinhart Coefficient Calculations
Once the literature values of the Steinhart coefficients for each thermistor had been found, MATLAB
coding was utilized in order to calculate the new coefficients. The MATLAB code was created by
rearranging the Steinhart equation to solve for A, B, and C. Once the expected values had been recorded
using the Stanford Research Center's Steinhart Calculator, the MATLAB code was manipulated to
produce new coefficients that were expected to be similar to the literature values. When observing Tables
5-7, it is noticeable that the new coefficients that were calculated are extremely comparable to the original
values. The percent error was extremely small, proving the code to be effective. Although this portion of
the experiment was not exhibited in the activity, this exercise could be used in future work to expand the
educational module further. For future experimentation, these new coefficients for the thermistors could
be put into the Arduino code in order to see if the results were more accurate.

Conclusions

22
In conclusion, an active learning activity such as the one explicated in this experiment can benefit
engineers in their understanding of new concepts presented to them. This educational module proved to
help students in learning about the bioinstrumentation portion of this course once the material had been
presented to them in lecture. The majority of the students found this activity beneficial after observing the
survey results. There were a portion of students that agreed they were unaccustomed to open-ended active
learning activities, possibly to the fact that they are not exposed to these opportunities often, but some of
these students still said that they had learned more, and hope to see more active learning activities. In the
future, adding drill sessions to additional biomedical courses could permit students to become more
comfortable working hands-on, specifically with circuits. The circuit was deemed successful and
produced temperature results with a small amount of error. The negatively correlation between
temperature and resistance was displayed properly in the results of the activity because resistance
decreased as temperature increased. Once this relationship was established, MATLAB was used to
determine the new Steinhart coefficients for each thermistor. This portion of the experiment was also
successful and could be used in subsequent activities to expand the module. Ultimately, this exercise
assisted students in grasping the bioinstrumentation portion of this course and be used in the future to aid
students in their learning.
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